We present a biosensor based on periodic arrays of gold nanodisks patterned on top of a glass substrate. The sensor's resonance wavelength, peak linewidth and figure of merit were studied both in experiments and in simulations. We analyzed the dependence of the sensor's resolution on the inherent figure of merit of the sensor structure and the signal to noise ratio of the detection system. The best achieved refractive index resolution is 1.5×10 -4 RIU and the detection limit on and antigen-antibody binding is better than 1 ng/mL.
Introduction
Noble metal nanoparticles have been widely investigated in label-free biological sensor applications due to the localized surface plasmon resonance (LSPR), which is a coherent oscillation of the free electron gas in metal nanoparticles excited by electromagnetic radiation. When molecules bind to the surface of nanoparticles, a shift in the resonance peak position can be detected in absorption spectroscopy [1] [2] [3] [4] [5] [6] [7] [8] . Sensors based on LSPR are highly sensitive and label-free, i.e. functioning without tags. LSPR sensors are therefore very useful in studying biomolecular interactions and provide real-time information on binding kinetics and concentrations of the target biomolecules. This information is valuable for applications in medical diagnostics, such as the detection of virus [9] and in cancer diagnostics [10] . The optical detection system used for LSPR sensors can be achieved using common laboratory optical and mechanical components, making the equipment more cost-effective than the conventional surface plasmon resonance sensor.
Improving the limit of detection of the LSPR sensor is the main focus of this field and the essential target is to increase the sensitivity and to reduce the uncertainty in determining the resonance position [11, 12] . The sensitivity of metal nanoparticles is highly dependent on the resonance wavelength [13, 14] , especially when the nanoparticles are embedded in a homogeneous medium [13] . For the metal nanoparticles immobilized on a substrate, the sensitivity is found to be significantly affected by the spatial overlap between the resonance mode and the substrate [15] [16] [17] [18] [19] . Other plasmon characteristics, such as the field decay length and field confinement, also strongly affect the sensitivity [11] . The detection uncertainty is determined by the measurement system, signal-to-noise (S/N) ratio of the spectrum and the spectral linewidth [11, 12] . Among these factors, the spectral linewidth is a directly inherent property of the metal nanoparticles being used. To reduce the detection uncertainty, a sharp spectral line shape (defined by full width at half maximum (fwhm)) is favoured.
Considering the spectral linewidth, single nanoparticles [4, 6, 18, 20] are more advantageous than a randomly-interacting ensemble with inhomogeneous broadening effects. For coherently-interacting nanoparticle arrays, however, the linewidth can be significantly reduced owing to the coherent interaction of the nanoparticles in a periodic array, suggesting that a periodic array can perform better than single nanoparticles in LSPR sensing [21] . Another significant advantage of using periodic arrays is that, metal nanoparticles can be closely-packed into a very high density without broadening the extinction peak line shape, which can increase the strength of the extinction or scattering signal and thus improve the sensor's S/N ratio. In addition, the periodic array can tune the resonance over a wide range of wavelengths, very convenient for optimizing the sensor performance. Different periodic arrays with well separated LSPR spectrum ranges may open new routes towards multiplexed detection.
In this work, we demonstrate a biosensor based on periodic arrays of gold nanodisks. The sensor is schematically depicted in Figure 1 . The array of gold nanodisks is patterned into a 2-D square lattice periodic array on top of a BK7 glass substrate. The diameter of the nanodisk d is around 230 nm, the height h is around 50 nm and the lattice constant a (also called periodicity, center-to-center particle spacing) varies from 400 nm to 650 nm with incremental steps of 50 nm. The extinction spectrum of the sensor structure is measured by a transmission setup.
These design parameters of the periodic arrays were chosen by considering the fabrication resolution, the plasmon peak locations and the wavelength of the grating order. These parameters were simulated to demonstrate strong effects of coherent interactions on the particle plasmon resonance. We weree focused on studying the major sensing features of the periodic arrays, including detection uncertainty, figure of merit and the limit of detection. The discovered trends can provide guidance to push the sensor's performance to be comparable with commercial sensor system. In this paper, first the sensing characteristics will be presented and discussed. Then an application in detecting antibody-antigen recognition will be demonstrated.
Experimental method

Sample fabrication
The gold nanodisk arrays in square lattice were fabricated on BK7 glass substrates (Fisher Scientific Inc.) by electron beam lithography (EBL) [21] . The fabrication process is schematically depicted in Figure 2 . After the BK7 substrate was thoroughly cleaned using nanostrip (Cyantek Inc.), 300 nm thick photoresist (ZEP520A, ZEON Corporation) was first spin-coated on top. A 2 nm thick sacrificial chromium layer was then evaporated on top of the photoresist to make the substrate sufficiently conductive. Pattern of nanodisk arrays, accurately controlled by the EBL system, were then exposed onto the photoresist. After EBL, the chromium layer was first removed by a chromium etchant (Cr etchant 1020, Transene Company Inc.) followed by developing the photoresist in amyl acetate (Sigma-Aldrich) for 180 seconds. After developing the photoresist, 2 nm chromium and 50 nm gold were sequentially deposited on the patterned photoresist by electron beam evaporation deposition. (SEM images are provided in the supplementary information section.) Finally a lift-off process of the sample immersed into N-methyl-2-pyrrolidone solvent removed the photoresist together with the metal on its top, leaving the periodic array of gold nanodisks on the BK7 substrate. The fabricated gold nanodisks are in circular shape with diameters equal to 230 nm and a height of 50 nm.
The fabricated sensor device was integrated with a transparent flow cell for conveniently introducing chemical solutions into the device. The flow cell was constructed by sealing the sensor device with a cover glass (soda-lime microscope slide) on top, in a similar configuration described by Weisser et al. [22] . As demonstrated in Figure 3 , glasses were used on both sides for their excellent optical quality in terms of transmission in the nearinfrared spectral regime. In comparison, the widely used PDMS fluidic channels are not flat enough which produces a severe interference pattern in the measured extinction spectra. The sensor device and the cover glass were sealed by a 500 µm thick silicone isolator film between them. The soft silicone film, with predefined fluidic channel pattern, seals the two glasses by applying a mild mechanical pressure. Ports were mechanically drilled through the cover glass as inlets and outlets for the fluids. In order to seal each port, one piece of PDMS film was permanently bonded to the cover glass at an elevated temperature following an UV ozone treatment. The steel injection tubes were then inserted through the PDMS, through the ports and into the fluidic channel. This method provides a tightly sealed fluidic channel for the sensor device, with great optical transparency in the near-infrared. In addition, since no glue was involved in the construction of the flow cell, the possibility of the diffusing glue components contaminating the sensor surface was completely avoided.
Experimental setup
The extinction spectra of the sensor were measured by the transmission of linearly polarized (in the direction along an axis of periodicity) broad-band light focused by a 10× objective (NA = 0.25) onto the device surface positioned perpendicular to the beam. The beam size to interrogate the device is around 40 µm×40 µm, which is sufficiently smaller than the size of the fabricated array in order to eliminate edge effects. The transmitted light was collected by a 20x objective (NA = 0.2, working distance = 20 mm), coupled into a spectrometer (HR2000, Ocean Optics, 2048 pixels). The extinction spectrum was calculated as Ext(λ) = 1-Idev(λ)/Iref(λ), with Idev(λ) being the light transmitted through the nanoparticles and Iref(λ) being the reference spectrum.
Sensing characteristics
Peak and linewidth
The measured spectra of the devices immersed in de-ionized water (Milli Q, Milli-Pore) are plotted in Figure 4 . The measured spectra show that the dipolar resonance of the gold nanodisks is strongly dependent on the lattice constant. The LSPR peak wavelength and linewidth fwhm are plotted versus the lattice constant in Figure 5 (a) and (b). Also plotted are the results from 3-D finite difference time domain (FDTD) simulations using the configuration described elsewhere [21, 23] .
As the lattice constant increases, the LSPR peak red-shifts and the linewidth narrows significantly. In the experiments, as the a increases from 400 nm into 650 nm, the LSPR peak shifts from 801 nm into 1011 nm while the fwhm decreases from 270 nm to 72 nm. The dependence of the plasmon peak of the periodic array on the lattice constants has been investigated by many researchers. Meier et al. have theoretically studied the dipolar interactions of periodic arrays of nanoparticles and predicted array effects on the plasmon peak and the radiative damping [24] , which have been observed in many experiments on 2D periodic arrays of metal nanoparticles [25] [26] [27] [28] . The trend of the peak wavelength and linewidth changes is determined by the coupling of the periodic gold nanoparticles array through the grating order at a grazing angle [24, 25] . At a given wavelength, the condition for the emergence of the radiative grating order is described by the critical grating constant ac, meaning that for a < ac the grating order is evanescent and for a > ac the grating order is radiative [24, 25] . For the 1 st grating order propagating in the substrate at a grazing angle, the wavelength corresponding to the critical grating constant is given by λ = nsub × ac, where nsub = 1.515, the refractive index of the glass substrate. This relation is plotted as the solid line in Figure 5 (a) to help determining whether the substrate grating order is evanescent or radiative. For the range of lattice constants studied in this work, a is always smaller than ac meaning that the grating order is always of evanescent nature. We are focused on the evanescent grating order range because this range can produce narrow extinction peak, which can reduce the detection uncertainty as will be discussed later in the article.
Detection uncertainty
Since the sensor's function is based on measuring the amount of peak shift vs. change of refractive index, the uncertainty in detecting the peak shift plays a dominat role on the sensor's resolution. The detection uncertainty is determined by the algorithm used to quantify the peak shift, the signal-to-noise (S/N) ratio of the measurement system and the sensor structure's extinction spectrum linewidth.
To quantify the peak shift, we followed the algorithm described by Dahlin et al. [29] to calculate the centroid peak, λc, of each spectrum. This method has been successfully implemented by Chen et al. [10] to achieve a remarkable detection uncertainty of 9.9×10 -5 nm. The details of calculations are illustrated in the supplementary information section. The detection uncertainty λun in quantifying the peak location for each array was estimated from the statistical standard deviation of λc from all the spectra recorded over 10 minutes.
The S/N ratio of the measurement system is mainly determined by the light source intensity spectrum, optical lens and filters and the spectrometer's sensitivity and is therefore wavelength-dependent. The S/N ratio is given by S(λ)/σ(λ), where S(λ) is the intensity spectrum and σ(λ) is the statistical standard deviation in the intensity spectrum. The S/N ratio of the entire spectrum range was plotted in the supplementary information section. Different array configuration has a peak in a different wavelength, and therefore was measured using a different S/N ratio. The S/N ratio of the measurement system used by each array is plotted as red circles in Figure 6 . As the lattice constant increases, the peak red-shifts and the S/N ratio decreases because the silicon-based detector array of the spectrometer has a decreasing sensitivity in the spectrum range above 750 nm.
For each array, the peak linewidth and detection uncertainty are also plotted together in Figure 6 . The trend of the uncertainty is first decreasing and then increasing, with a minimum at a = 550 nm and the best detection uncertainty is around 0.012 nm. Such a trend is caused by the effects of S/N ratio and the peak linewidth together. In order to understand their effects, we numerically calculated the detection uncertainty of noisy spectra with a given peak linewidth and S/N ratio (the details of the calculations are demonstrated in the supplementary information section). Figure 7 shows the calculated detection uncertainty vs. linewidth fwhm and the S/N ratio. The calculation predicts the uncertainty to be 0.015 nm for the device a = 550 nm, which is close to the experimental value. For any given S/N ratio, a sharper peak delivers a smaller uncertainty, because the centroid peak shift can be quantified more accurately in a sharper line shape. For a given peak linewidth, as the S/N ratio increases, the uncertainty is significantly reduced. This analysis could qualitatively explain the experimental trend of the uncertainty. The S/N ratio and the peak linewidth for the array are taking opposite effects. The increased detection uncertainty for small lattice constants is due to the broadened peak and the increased detection uncertainty for large lattice constants is due to the low S/N ratio.
Refractive index sensitivity and resolution
The bulk refractive index sensitivity mB is defined as mB = δλLSPR/δnB where nB is the background refractive index of the solvent. In order to measure mB, water and isopropanol (IPA) mixtures in different ratios were injected onto the sensor to induce a change of nB. The extinction peak of each solvent refractive index was measured and the sensitivity was determined from the slope of the linear fit of λLSPR vs. nB. The refractive index (RI) resolution is defined as nB = 3λun/mB and plotted together with the detection uncertainty in Figure 6 . This definition is related to the confidence level of 99.7% in determining the peak shift [31] . It can be seen that, the RI resolution in this case is mainly governed by the detection uncertainty, because the change in the sensitivity is much less significant. The best RI resolution is < 1.5×10 -4 refractive index unit (RIU), which is obtained from the lattice configuration of a = 550 nm. Therefore, in the given measurement system, the optimized sensor array has a lattice constant of 550 nm.
Figure of merit of the periodic array
The refractive index resolution is determined by the nanoplasmonic structure and the S/N ratio of the detection system together. If we only consider the inherent properties of the sensor structure, i.e., if we assume the S/N ratio is the same for all wavelength range, the performance of the sensor structure can be well described by the figure of merit defined as FOMB = mB/fwhm. mB and fwhm can be in either energy units or wavelength units and the calculated values using different units are approximately equivalent [30] . At a given change of refractive index, a higher sensitivity produces a larger peak shift, and a sharper peak reduces the detection uncertainty. Therefore, a higher figure of merit can achieve a better refractive index resolution. The figure of merit can thus directly evaluate the performance of the sensor structure, excluding the effects of the S/N ratio of the measurement system. The measured FOMB are plotted against the lattice constant in Figure 5 (c). The bulk refractive index figure of merit can increase from 0.9 into 3.8: an enhancement of nearly half an order of magnitude. This improvement is mainly obtained from the sharpened extinction peak due to the coherent interactions in the periodic array [21] .
The figure of merit suggests that the structure with a = 650 nm has the best sensing potential, however, its performance in experiments was compromised by the low S/N ratio in this spectrum range. In order to improve the RI resolution of an LSPR sensor equipment, the nanoplasmonic structure with high figure of merit should be equipped with a matched detection system providing high S/N ratio in the corresponding spectrum range.
Antibody-antigen recognition
For sensing applications, we chose the lattice configuration with the best RI resolution, i.e. a = 550 nm. We implemented this sensor to detect the binding of an antigen onto the antibody immobilized on the sensor surface. The chosen antibody is anti-human IgG (Sigma Aldrich) and the antigen is human IgG (Sigma Aldrich). Such a study provides a proof of concept for applying this sensor in medical diagnostics, such as early detection of leukemia and lung cancer.
We first implemented the biotin-streptavidin interaction to immobilize the antibody on the surface of gold. The basic strategy is to first immobilize streptavidin on the surface of gold and then introduce the biotinylated antibody which binds to streptavidin. To immobilize the streptavidin, we follow the procedures described by Choi et al. [32] . The procedures are schematically shown in Figure 8 (a) and the corresponding sensor response for the entire surface functionalization procedures is given in Figure 8(b) . The extinction spectrum was acquired every 15 seconds. After the sample (a = 550 nm) was thoroughly cleaned using nanostrip (Cyantek Inc.) and mounted with the flow cell, a mixture of 3-mercaptopropanol (3-MPOH) and 11-mercaptoundecanoic acid (11-MUA) in absolute ethanol was continuously flown on the sensor surface at 1 µL/min for 18 hours to form a well organized self-assembled monolayer (SAM) on the surface of the gold nanodisks with carboxylic and hydroxyl terminal groups. The flow rate was controlled by a syringe pump (Braintree Scientific Inc.) The molar ratio of 3-MPOH and 11-MUA is 10:1, and the total concentration is 10 mM. Then ethanol followed by de-ionized water was flown at 1 mL/min for 30 minutes to thoroughly rinse the surface. A 1:1 mixture of 0.2 M 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and 0.4 M N-hydroxysuccinimide (NHS) solutions was then flown onto the sensor at 10 µL/min for 3 hours to activate the terminal carboxylic groups into amine-reactive succinimide esters. Then streptavidin (200 µg/mL) (Sigma-Aldrich) in PBS buffer (pH = 7.4) (Sigma-Aldrich) was injected at a rate of 10 µL/min for 25 minutes and bonded to the activated carboxylic terminal groups of the mixed SAM. This procedure was repeated once to enhance the immobilization. After rinsing the sensor with PBS buffer, 10 µg/mL bovine serum albumin (BSA) (SigmaAldrich) in PBS buffer was flown at 10 µL/min for 30 minutes, in order to block the nonreacted sites. As observed in Figure 8(b) , the peak red-shifts due to the binding of the streptavidin and BSA to the surface of the gold nanodisks. In the following, biotinylated anti-human IgG (10 µg/mL) in PBS buffer is flown onto the sensor at 10 µL/min for more than one hour. The biotinylated antibody binds to streptavidin and a saturated redshift of around 0.7 nm was acquired in the end. This procedure was repeated once to enhance the immobilization. Then the sensor was thoroughly rinsed with PBS solution and a stable baseline signal was acquired.
To sense biomolecular recognition, human IgG of different concentrations (1 ng/mL -100 µg/mL) were sequentially tested in an order of increasing concentration. Each concentration of human IgG was continuously flown onto the sensor at 10 µL/min for 15 minutes. The human IgG biomolecules bound to the anti-human IgG and gradually reached equilibrium. Then PBS was injected to rinse of the non-specific bound molecules and the sensor signal corresponding to each concentration was reported from the spectra acquired 1 minute after rinsing. After the sensor was rinsed for 15 minutes, a higher concentration of human IgG was injected and the same detection scheme was carried out repeatedly. The sensor response vs. concentration was plotted in Figure 9 . The peak shift above the red line can be trusted to be a real detectable shift. It can be determined from this graph that the limit of detection is better than 1 ng/mL.
Discussions
Although the sensor can basically function, the peak shift is not as large as expected. A simple simulation showed that, upon full coverage of the antigen biomolecules, at least 3 nm peak shift should be obtained. In our experiment, the maximum peak shift is less than 1 nm. The reasons for this were the low quality of the implemented surface chemistry, which could not reveal the sensor's full potential. In addition, the SAM layer on the surface of gold nanodisks is not robust enough, which can be easily destroyed when a strong basic condition was introduced for the purpose of dissociating the antibodyantigen binding. Improvement on the surface chemistry is necessary, and a possible approach might be an implementation of a thin polyethylene glycol (PEG) based SAM layer [33] .
The measurement system used by Chen et al. [10] can reach a detection uncertainty of 9.9×10 -5 nm, approximately 1×10 -4 nm. In our experiment, the minimum uncertainty is 0.012 nm. It should be pointed out, that, the differences are due to the S/N ratio of the detection system rather than the inherent properties of the nanoplasmonic structure. The achieved figure of merit of the periodic array is around 3.8, which is an excellent number compared to other gold nanoparticle devices summarized by Mayer et al. [34] . We have further calculated that, to reach the 1×10 -4 nm range using the array with highest figure of merit, the required S/N ratio of the measurement system needs to be 3.2×10 ratio is less than 400 which indicates that the detection system needs improvement. A high intensity and stabilized broadband light source and a more sensitive spectrometer should be implemented and both should be optimized for the array with highest figure of merit. Once the detection uncertainty can reach 1×10 -4 nm range, the sensor can achieve a refractive index resolution in the range 1×10 -6 RIU, comparable to the conventional surface plasmon sensor.
Conclusions
In this paper, we described a biosensor based on periodic arrays of gold nanodisks. The sensor structures with varying lattice constant were fabricated and studied experimentally and in simulations. The important sensing characteristics, including LSPR peak wavelength, peak linewidth fwhm, figure of merit, detection uncertainty and refractive index resolution, were investigated in detail. The effects of signal-to-noise on the sensor's performance were also studied. The highest obtained figure of merit is around 3.8 from the structure with a = 650 nm. The best refractive index resolution < 1.5×10 -4 RIU was obtained from the structure with a = 550 nm. The structure with a = 550 nm was used in the biosensing application to detect the binding of human IgG to the anti-human IgG antibody. The sensor was able to reach a limit of detection better than 1 ng/mL. 
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